Dynamic plasma-based thin-film deposition incorporating ion mixing and plasma immersion is an effective technique to synthesize nitride-based hard films. We have fabricated TiN films using a filtered titanium vacuum arc in a nitrogen plasma environment. A pulsed high voltage is applied to the target for a short time when the metallic arc is fired to attain simultaneous plasma deposition and ion mixing. We investigate the dependence of the corrosion resistance and interfacial structure of the treated samples on the applied voltage. Our Auger results reveal an oxygen-rich surface film due to the non-ultra-high-vacuum conditions and high affinity of oxygen to titanium. The corrosion current is reduced by two orders of magnitude comparing the sample processed at 8 kV to the untreated sample, but the 23 kV sample unexpectedly shows worse results. The pitting potential diminishes substantially although the corrosion current is similar to that observed in the 8 kV sample. The polarization test data are consistent with our scanning electron microscopy observation, corroborating the difference in the pitting distribution and appearance. This anomalous behavior is believed to be due to the change in the chemical composition as a result of high-energy ion bombardment.
I. INTRODUCTION
High hardness and visual gloss make titanium nitride ͑TiN͒ thin films attractive in industrial applications. In addition to its superior wear resistance, TiN is relatively chemically inert on the grounds of the Pourbaix diagram.
1 Hence, the tribological and surface properties of industrial components made of austenite stainless steel can be improved by coating them with TiN. Various fabrication techniques have been proposed, [2] [3] [4] [5] and the hybrid plasma immersion ion implantation-deposition ͑PIII-D͒ process has attracted much attention recently. This technique offers the unique capability of treating objects possessing irregular geometries without the need of complex sample manipulation. 6, 7 The processing parameters can be varied and optimized efficiently without the need to break the vacuum, for example, sequential nitrogen or inert gas ion implantation of deposited titanium films or titanium nitride layers, [8] [9] [10] titanium ion implantation deposition in a nitrogen ambient or nitrogen plasma [11] [12] [13] in concert with a metal vacuum arc plasma, 14, 15 and so on. The TiN films fabricated using these methods feature increased wear resistance and high hardness 8, 9, 16 due to the formation of hard phases and enhanced film-substrate adhesion from ion mixing. The structure and properties of the layers depend very much on process parameters such as implantation voltage, voltage pulse duration, ratio of implantation phase to deposition phase, etc. For example, a pulse voltage of Ϫ20 to Ϫ40 kV in 0.27 Pa ambient nitrogen yields a film with a strong preferred ͑200͒ orientation, whereas a dc bias of Ϫ0.5 kV produces a film with ͑111͒ and ͑200͒ preferred orientations. 11 The bias voltage has a critical influence on the surface microhardness and structure of the layer, and it has been reported that the hardness decreases with a higher implantation voltage ͑Ͼ20 kV͒. 10 Even though the efficacy of the dynamic PIII-D technique pertaining to the fabrication of TiN films has been shown, 8 -14,16 the effects of the bias voltage on the corrosion properties and interfacial structure have not been studied in detail. In this article, we report our systematic investigation on this important topic.
II. EXPERIMENT
The samples were AISI 304 stainless-steel 17 disks, 20 mm in diameter and 3 mm thick. One side of each sample was polished and ultrasonically cleaned before loading into the plasma immersion ion implanter. 18 Before PIII-D, the samples were sputter cleaned using high-frequency, lowvoltage argon plasma ion bombardment. 19 The pretreatment instrumental parameters were: pulsing frequency ϭ 5 kHz, pulse duration ϭ 25 s, and bias voltage ϭ Ϫ2 kV. Afterwards, nitrogen was bled into the vacuum chamber and a nitrogen plasma was triggered by hot-filament glow discharge. A titanium plasma was simultaneously produced using a cathodic arc plasma source. 18 The dynamic PIII-D conditions are summarized in Table I . In our experiments, we used three different pulsed voltages: 8, 16, and 23 kV, to investigate the effects of the sample bias. An implantation pulse duration of 30 s and repetition frequency of 200 Hz were employed, and the dynamic mixing and deposition time was 30 min. The length and phase of the deposition and implantation processes could be adjusted easily on the fly in our experiments, and it is one of the advantages of dynamic a͒ Author to whom correspondence should be addressed; electronic mail: paul.chu@cityu.edu.hk PIII-D. In our experiments, the duration and phase of the metal arc and high-voltage pulses were synchronized, as shown in Fig. 1 . The implantation to deposition ratio was about 1 to 9. During the implantation phase, both nitrogen and titanium ions were simultaneously implanted and the mixing effect depended on the implantation voltage.
The treated samples were characterized using Auger electron spectroscopy ͑AES͒ to obtain the thickness and composition of the layer. The average sputtering rate ͑calibrated by SiO 2 ) was 30 nm/min. To evaluate the bias voltage influence on the corrosion properties, potentiodynamic polarization tests were conducted using a model 342 softcorrv™ corrosion measurement system. A 3 wt % NaCl solution was used and the scanning rate was 0.5 mV/s. The tested samples were also investigated using scanning electron microscopy ͑SEM͒ to disclose the appearance and structures of the corroded surfaces.
III. RESULTS
The AES results ͑Fig. 2͒ show that the films are mainly composed of nitrogen and titanium, even though oxygen can also be detected due to the non-ultra-high-vacuum ͑non-UHV͒ conditions of our machine and the high affinity between oxygen in the plasma and the reactive titanium surface. Similar observations have been made before. 11, 20 Figure  3 depicts the elemental depth profile acquired from the 23 kV sample and it can be observed that the interface between the film and substrate has been well mixed on account of highenergy ion bombardment. The data also reveal incorporation of unintentional carbon at both the surface and interface from the overlying plasma. However, the carbon peak cannot be detected near the interface in the other samples ͑Fig. 4͒. The layer thickness is similar, about 65 nm, in all three samples. This is expected because the implantation phase is short relative to the titanium arc deposition duration. That is to say, in our dynamic PIII-D experiments, varying the implantation voltage does not alter the deposition process significantly but rather affects the degree of ion mixing, consequently, changing the film adhesion and anticorrosion properties.
The polarization tests demonstrate that all three voltages result in a higher corrosion potential E c ͑the potential corresponding to the smallest current, e.g., point A in the 16 kV curve͒ and smaller passive current densities I p ͑correspond-ing to the almost constant current at the potential above the corrosion potential͒, as shown in Fig. 5 . The bias voltage has a large impact on the electrochemical properties of the treated samples, as illustrated in Table II . Considerable improvement in the corrosion resistance is observed for the 8 and 16 kV samples with the passive current diminishing by about two orders of magnitude. The small passive current infers a slow reaction between the sample surface and ambient. This is certainly beneficial to higher corrosion resistance.
In the same way, although pitting potential E p remains more or less the same, the corrosion potential increases by about 150 mV, demonstrating the improvement in the surface properties. In comparison, the 23 kV sample unexpectedly exhibits a smaller improvement in the passive current and corrosion potential. After the polarization tests, the eroded surfaces of the untreated and implanted samples were assessed by scanning electron microscopy. The pits on the untreated sample are bigger and possess an irregular shape. The pits extend down along the direction of the corrosion flow, and the upheaved films appear to be very thin. In contrast, the pits on the treated samples are nearly round and smaller while the top broken layer is thicker, as demonstrated in Fig. 6 . The 8 kV sample shows the smallest pits. Based on the polarization curves, the samples treated by the 8 and 16 kV processes have similar electrochemical properties, but the SEM micrographs show that the 8 kV sample possesses the highest corrosion resistance.
IV. DISCUSSION
As proposed by Ensinger and Wolf 21 and Leaven, Alias, and Brown, 22 corrosion of a coated surface primarily starts at defects such as scratches, pores, or grain boundaries. Another mechanism is local adhesion failure. Water penetrates the coating through these small channels driven by capillary forces leading to the formation of a solution. Osmosis subsequently forces more water through the pores, giving rise to bubble formation, and the increasing pressure causes local film delamination. Bubble formation can also arise from electro-osmotic effects when a potential gradient resulting from a local element forces the electrolyte through the pores into the substrate. Mobile ions such as chlorine can penetrate the layer, resulting in severe corrosion reactions. Depending on the electrolyte-layer-substrate combination, different types of corrosion can occur. As indicated in Fig. 6 , the layers consist of burst and intact bubbles. Although the films deposited using vacuum arc are more dense and corrosion resistant than those fabricated by other methods, 23 the solution has penetrated the microdefects into the interlayer.
Some studies have been made to increase the corrosion resistance of the coating by controlling the morphology, deposition parameters, underlying substrate, and microporosity, 24 but it does not seem to be possible to obtain a dense and perfect structure to prevent solution osmosis. However, it has been shown that uniform corrosion can be transformed into localized corrosion in 52100 steels. 24 In our experiments, after dynamic PIII-D, the passive current diminishes ͑Fig. 5͒. It is believed that the pinholes or microdefects in the treated layer are too small for unrestricted solution flow. Consequently, the coating parlays the charge transfer resistance to counteract the corrosion reaction. However, it should be noted that this phenomenon is not sufficient to avoid corrosion. 24 In comparison, AlN films fabricated by nitrogen plasma implantation into aluminum can provide a much higher charge transfer resistance. 25 As shown in Figs. 2  and 3 , the coatings are rich in oxygen. This can be attributed to two factors. The first one is the chemical reaction between residual oxygen ͑probably adsorbed and coimplanted͒ in the chamber and the sample surface, as discussed in a previous article. 26 The other one is the vacuum arc excitation of oxygen plasma due to the existence of an external magnetic field in our filtered arc plasma sources. The magnetic field may introduce ionized nonmetallic species ͑including oxygen, hydrogen, and nitrogen͒ to the plasma to a concentration of higher than 20 at. % ͑oxygen being more than 5 at. %͒ because of the electron trapping effect even at high vacuum. 27 The existence of residual oxygen in non-UHV plasma processing equipment is, in fact, quite common due to outgassing and minor leaks in the gas lines, and oxygen incorporation into the samples is inevitable. The influence of unintentional oxygen to the properties of titanium nitride is quite complicated and has not been clearly investigated. On one hand, titanium oxide has a high resistance to localized corrosion attack. 28 For instance, high corrosion resistance of laser ablated TiO 2 coatings on steel has been reported. 29 On the other hand, the passive current of TiO 2 may be higher than that of TiN, 30 inferring inferior corrosion resistance. It is also worth mentioning that in an environment with the pH being smaller than 7, oxygen in titanium nitride has been shown to be detrimental. 31 Our experiments show that the coating effectively decreases the passive current in all three processes. Compared to the lower-voltage samples, the 23 kV sample shows the largest passive current, and it is believed to be due to highenergy ion bombardment. As described by Schoser, Forget, and Kohlhof, 10 the titanium nitride layer becomes less dense at a high implantation voltage. Massiani et al. have also found that the sample subjected to ion implantation after TiN deposition has worse behavior, and they speculate that postimplantation induces a highly defective surface. 32 These observations indicate that higher-energy ion implantation does not necessarily lead to better corrosion protection, 22, 32 and our polarization test and SEM results, in fact, demonstrate that the 23 kV sample possesses worse corrosion characteristics. The deterioration is probably due to a less-dense structure and change of the substrate surface. It appears that the surface layer is damaged in the high-energy fabrication process. Milosev and Navinsek obtained similar experimental results, although their deposited coatings did not undergo ion mixing. 24 After dynamic PIII-D treatment, the substrate composition near the interface changes. As shown in Fig. 3 , the segregation behavior of chromium and nickel from the substrate is different, with Ni showing further penetration into the overlying film. The effects of titanium, chromium, and nickel on the pitting of stainless steels in chloride solutions have been discussed by Sedrike. 33 The presence of chromium and nickel enhances the corrosion resistance. A small decrease in the chromium content may lead to a large reduction in the pitting potential in the range of 12-40 wt %. The pitting potential is linearly proportional to the nickel content. In contrast, the addition of titanium has an adverse effect on the corrosion resistance. A high-voltage process may alter the titanium distribution. Thus, the compositional change induced by high-voltage PIII-D adversely affects the corrosion resistance properties. So far, we have not discussed the role of carbon introduced unintentionally into the films. It is conceivable that the existence of carbon in the interfacial region affects the corrosion resistance. Precipitation of fine chromium carbide (Cr 23 C 6 in 18Cr-8Ni͒ may be induced during high-energy ion bombardment, although this precipitation process is more likely at 600 to 800°C. 34 A high oxygen content near the interface may also affect the corrosion resistance. 35 A higher implantation voltage may lead to more extensive sputtering of the interface and a lesser amount of incorporated oxygen.
V. CONCLUSION
Our experiments show that the bias voltage has a critical influence on the interfacial structure and corrosion resistance FIG. 6 . SEM micrographs of the sample surface after polarization tests: ͑a͒ untreated sample, ͑b͒ 8 kV sample, and ͑c͒ 16 kV sample.
of titanium nitride layers fabricated using dynamic PIII-D. An overall improvement can be observed, but a higher bias voltage does not necessarily imply better characteristics. We have found that the existence of microdefects in the layer does not change the pitting potential, although the corrosion potential is improved in the samples treated at low voltages. The sample treated at the highest voltage, 23 kV, shows a less-dense and more-defective coating, which exhibits worse corrosion resistance. Our Auger results indicate that highenergy ion bombardment in the dynamic PIII-D process alters the chemical structure of the interface, thereby reducing the corrosion resistance of the film. Based on our SEM results, the sample treated at the lowest voltage, 8 kV, possesses the best corrosion resistance. 
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